ABSTRACT Ross River virus is a common mosquito-borne arbovirus responsible for outbreaks of polyarthritic disease throughout Australia. To better understand climatic factors preceding outbreaks, we compared seasonal and monthly rainfall and temperature trends in outbreak and nonoutbreak years at four epidemic-prone locations. Our analyses showed that rainfall in outbreak years tended to be above average and higher than rainfall in nonoutbreak years. Overall temperatures were warmer during outbreak years. However, there were a number of distinct deviations in temperature, which seem to play a role in either promoting or inhibiting outbreaks. These preliminary Þndings show that climatic differences occur between outbreak and nonoutbreak years; however, seasonal and monthly trends differed across geo-climatic regions of the country. More detailed research is imperative if we are to optimize the surveillance and control of epidemic polyarthritic disease in Australia.
ROSS RIVER VIRUS (Togaviridae, Alphavirus) is a common mosquito-borne arbovirus in Australia (Suhrbier and La Linn 2004) , transmitted by a broad range of mosquito vectors, which occur in vastly different geographical and climatic regions (Harley et al. 2001 , Russell 2002 . We recently summarized climatic and tidal factors preceding major Ross River virus outbreaks (Kelly-Hope et al. 2004a ) and observed that rainfall and temperature seemed to be key factors that may be used for prediction. Although different temperature trends were evident in different geo-climatic regions, above average rainfall was a pivotal antecedent during the months leading up to outbreaks. Although this review of Ross River virus disease outbreaks provided useful insight into the climatic conditions during the preceding months, we did not know if there were particular seasonal or monthly trends, whether they differed between geo-climatic regions, or how they compared with periods where there was low or no incidence of disease. This study compared climatic conditions preceding Ross River virus outbreaks to those during nonoutbreak years, with a particular focus on rainfall.
Materials and Methods
We focused on seasonal and monthly rainfall and temperature (Bureau of Meteorology 2001) trends in four locations (Fig. 1) , where three or more Ross River virus outbreaks had been reported within a decade, namely Brisbane in the State of Queensland 1991Ð 1997 Mildura in Victoria 1991Ð1997; Renmark in South Australia 1971Ð1980; and Mandurah in Western Australia 1989 Ð1996 (Kelly-Hope et al. 2004a ). This allowed conditions during outbreak years to be compared with adjacent nonoutbreak years, which is important because large climatic ßuctuations such as the El Nino/Southern Oscillation can impact on longterm weather conditions (Bureau of Meteorology 2001) . Furthermore, because many outbreaks occurred during spring (September, October, November) and/or summer (December, January, February) and spanned 2 calendar yr, we deÞned years as beginning on 1 July and ending on 30 June the following year, to better Þt the biological processes involved in virus ampliÞcation and transmission.
For each location, the following climatic data were examined.
Seasonal. Rainfall measures (mm) and mean minimum and maximum temperatures (ЊC) were quantiÞed for winter (June, July August), spring, and summer. The overall seasonal means between outbreak and nonoutbreak years were compared using the Mann-Whitney U test in SPSS 11.01. To estimate the intensity of rainfall, the number of rain days and the mean rainfall (mm) per day for each season were calculated.
In addition, above average seasonal rainfall and average seasonal minimum and maximum temperatures were tested against the long-term means (which was treated as a Þxed comparison value) for statistical signiÞcance using a two-tailed t-test. Long-term means were based on Ն40-yr retrospective meteorological data (Bureau of Meteorology 2001). Furthermore, to highlight the seasonal rainfall relative to the long-term means, data were presented as a ratio (ϫ100), and the percentage (%) above or below average was shown in a graph.
Monthly. Rainfall measures (mm) and minimum and maximum temperatures (ЊC) for each of the highrisk months of OctoberÐMarch (Kelly-Hope et al. 2004a) were quantiÞed for outbreak and nonoutbreak years. The overall means of each month and combination of 2Ð3 mo (e.g., OctoberÐNovember, JanuaryÐ March) during outbreak years were compared statistically with nonoutbreak years using the MannWhitney U test. To highlight the relative rainfall for each month, data were presented as a ratio (ϫ100), and the percentage (%) above or below the long-term mean was shown in a graph.
Results
For all locations, except Brisbane, seasonal rainfall measures during outbreak years tended to be above the long-term seasonal means and higher than seasonal means in nonoutbreak years (Table 1) . Only 4 of 96 seasonal means were signiÞcantly higher than longterm means, 3 of which occurred in outbreak years. The differences in seasonal rainfall relative to the long-term means are further shown in Fig. 2 . These graphs highlight that, in Brisbane, below average rainfall occurred in all seasons in all nonoutbreak years. In Renmark, above average spring rainfall occurred in all outbreak years, whereas many nonoutbreak years had high spring or summer rainfall. In Mildura and Mandurah, no distinguishing seasonal trends were apparent in either outbreak or nonoutbreak years.
In Mildura and Mandurah, seasonal rainfall was not signiÞcantly different between outbreak and nonoutbreak years (P Ͼ 0.05), whereas summer rainfall in Brisbane (P ϭ 0.05) and spring rainfall in Renmark (P ϭ 0.02) were signiÞcantly higher in outbreak than nonoutbreak years. The intensity of rainfall in each location differed between seasons and years (Table 1) . Overall, more rainfall occurred over a similar or longer period of time during outbreak years.
For all locations, the majority of seasonal minimum and maximum temperature means were similar to long-term means (Ϯ0.5ЊC) and varied little between outbreak and nonoutbreak years (Table 1) . Only 3 of 96 seasonal means were signiÞcantly different to long-term means, and there was no distinctive pattern of occurrence. Similarly, few differences occurred between outbreak and nonoutbreak years, with only the maximum temperatures in Brisbane during winter found to be signiÞcantly higher in outbreak than nonoutbreak years (P ϭ 0.03). A similar trend is evident in Renmark (P ϭ 0.08).
Most monthly (OctoberÐMarch) rainfall means during outbreak years were above the long-term means and higher than those in nonoutbreak years in all locations (Fig. 3 ). For Brisbane, overall rainfall means were signiÞcantly higher in outbreak years for the summer months of DecemberÐFebruary (P ϭ 0.05) than nonoutbreak years; however, the most signiÞcant difference occurred in DecemberÐJanuary (P ϭ 0.005). For Mildura, no signiÞcant differences were found, but the greatest difference occurred in DecemberÐJanuary and is clearly shown in Fig. 3 . For Renmark, overall rainfall means were signiÞcantly higher in outbreak years for the months of OctoberÐ December (P ϭ 0.03) and NovemberÐDecember (P ϭ Monthly data missing for season.
a Outbreak or non-outbreak mean of rain fall measures and minimum and maximum temperatures for each season. Relative rainfall, i.e. % above or below the long-term mean, are illustrated in Figure 1 . Intensity of rain fall for each study season was based on the overall number of rain days and the mean rain fall per day (mm/day).
0.02) than in nonoutbreak years. For Mandurah, no statistical differences were found; however, OctoberÐ December (P ϭ 0.06) were close to signiÞcant. For all locations, overall monthly minimum and maximum temperature means varied little between outbreak and nonoutbreak years. Only maximum temperature means in Brisbane in March (P ϭ 0.03) differed statistically and were found to be signiÞcantly lower in outbreak years compared with nonoutbreak years. A similar trend is evident for the months of FebruaryÐMarch (P ϭ 0.07).
Discussion
Climatic differences were found to occur between outbreak and nonoutbreak years; however, seasonal and monthly trends differed among geo-climatic regions. Although, we found little variation in minimum and maximum temperatures between the study locations and years, it seems that the distinct rainfall patterns observed in each region are key factors deÞning local arbovirus transmission. In Brisbane, high rainfall occurs in summer, in Mildura and Renmark in spring, and in Mandurah in winter, and although higher than average rainfall seemed to be an important precursor, our statistical analyses showed that levels do not have to be signiÞcantly higher than average to play a role in initiating outbreaks.
In Brisbane, we found rainfall during the summer, particularly in DecemberÐJanuary, was higher and more intense during outbreak years than nonoutbreak years. Summer also experienced more days of rain than other seasons, which suggests that long wet warm weather is particularly favorable for the range of local Ochlerotatus and Culex mosquito vectors and urban hosts (Ritchie et al. 1997 . The climate in Brisbane is subtropical, and summer rainfall coincides with the north Australian wet season (Bureau of Meteorology 2001). It is possible that annual variation in the timing and intensity of the wet season could inßuence patterns of rainfall and subsequent vector and host abundance in Brisbane. It has been shown to drive the demography of rodents (Rattus colletti) in the Northern Territory (Madsen and Shine 1999) , but no study has speciÞcally examined its impact on arbovirus transmission.
Large-scale climate events affect geo-climatic regions in different ways. In Queensland, Done et al. (2002) found the Quasi-Biennial Oscillation positively correlated with Ross River virus incidence, whereas several authors have found no link between the El Niñ o-Southern Oscillation (ENSO) and Ross River virus outbreaks (Harley and Weinstein 1996 , Maelzer et al. 1999 , Kelly-Hope et al. 2004a ). The monsoonal rains and cyclonic activity associated with the north Australian wet season can also increase sea levels and tides from catchment runoff, low barometric pressure, storm surges, and wind (Queensland Department of Transport 2003) . The extent to which this inßuences outbreaks in Brisbane is unknown. However, high and frequent summer tides have shown to precede outbreaks, and the 1994 outbreak was thought to be primarily initiated by the salt-marsh mosquito Ochlerotatus vigilax (Skuse) because of the high and frequent tides and lack of rainfall observed in the months immediately preceding the outbreak (Kelly-Hope et al. In Brisbane, we found maximum temperatures to be signiÞcantly higher in winter and signiÞcantly lower in the month of March during outbreak years compared with nonoutbreak years. This suggests that warmer winter temperatures may either aid the overwintering process of particular mosquito species (Woodring et al. 1996) or promote breeding prematurely, thereby increasing mosquito abundance to a critical level/ threshold in advance of the peak season. If this occurs, it may coincide with key breeding cycles of local reservoir hosts such as brushtail possums (Trichosurus vulpecula), which have a minor breeding season in spring Hume 1984, Boyd et al. 2001) . In contrast, the lower March temperatures are unlikely to have played a role in initiating outbreaks (because they began in either January or February). However, because a wide range of vectors have been implicated in Brisbane outbreaks (Ritchie et al. 1997 ) and potentially participate at different times, it is possible that this cooler period may have been ideal for particular species that became involved in transmission after the initial onset. Arbovirus transmission has shown to be more efÞcient when maximum temperatures are generally Ͻ30ЊC (Kramer et al. 1983 , Hardy et al. 1990 , Turell 1993 , Reisen et al. 1993 , and from laboratory studies of Oc. vigilax, Kay and Jennings (2002) found Ross River virus transmission most efÞcient at 18 Ð25ЊC. Thus, below average maximum temperatures in March (mean, 27ЊC) may explain why the number of cases usually peak at this time during outbreaks. Conversely a stretch of very hot days could inhibit transmission.
In the southeast temperate region, different seasonal and monthly trends prevailed. In Mildura, although we found no signiÞcant differences between outbreak and nonoutbreak years, above average summer rainfall seems to be important and coincides with the onset of outbreaks in January. We also found that more rainfall occurred over more days during outbreak years in all seasons, which supports our previous hypothesis that sustained rainfall seemed necessary to increase vector abundance above the threshold for disease transmission to occur in this region (KellyHope et al. 2004) . However, it is also possible that the more intense rainfall recorded during nonoutbreak years could impact on breeding sites and be detrimental to larval development. The freshwater species Culex annulistrosis Skuse is the dominant vector in this region and breeds in natural and irrigated ground waters as well as along riverbeds (Russell 1994 (Russell , 2002 . Short periods of heavy rainfall may be sufÞcient to ßush larvae away and subsequently reduce mosquito abundance and disease risk.
Other factors that promote mosquito production, such as irrigation practices, also should be considered. Renmark and Mildura are situated in rural agricultural regions along the Murray River (Murray Darling Basin Commission 2004) . Outbreaks therefore may be inßuenced by irrigation and regulated river ßow as well as rainfall. Woodruff et al. (2002) cited irrigation and mosquito control measures as potential confounders and identiÞed a release from the Hume Reservoir in Spring 1996 as a factor that potentially maintained wet conditions and key Culex and Ochlerotatus larval habitats during the summer, when rainfall was low. Differences between these two temperate locations may be attributed to the different study periods, irrigation methods, local crops, and state regulations.
In Renmark, high rainfall during spring and/or the months of OctoberÐDecember seems to have contributed to outbreaks during the 1970s, especially because most outbreaks began in either February or March. The level of rainfall was potentially inßuenced by the ENSO during this decade. The La Niñ a part of the cycle has been associated with warm, wet conditions and outbreaks of mosquito-borne disease (Nicholls 1993 , Maelzer et al. 1999 , Kovats et al. 2003 , and moderate to strong episodes were recorded in months preceding the 1971, 1974, and 1976 outbreaks. Recently, we identiÞed La Niñ a conditions as important predisposing factors for populations in close proximity to the Murray Darling Rivers (Kelly-Hope et al. 2004b ) and proposed that runoff from regional rainfall could increase river levels and encourage mosquito breeding over time. Warmer winter and spring temperatures recorded in outbreak years may also have allowed an earlier commencement of Cx annulistrosis activity. The species overwinters and becomes active when average temperatures exceed 17.5ЊC (Liehne 1988 , Russell 1998 . These warm wet conditions may also permit more frequent and intense breeding of local wildlife, which may act as local reservoir hosts.
In Mandurah, persistent high rainfall, particularly during the months of OctoberÐDecember, and warmer temperatures prevailed during outbreak years. This southwestern region of Australia has a Mediterranean climate, and most rainfall usually occurs during the winter months. However, our Þndings suggest that the prolongation of high rainfall into spring and summer seem to be important for Ross River virus transmission. The ENSO does not seem to be applicable in Western Australia (Broom et al. 2001 , Kelly-Hope et al. 2004b ), but rainfall levels could also be inßuenced by the north Australian wet season. The large outbreak along the southwest coast in 1996 was attributed to the above average rainfall, temperatures, and tides resulting from unusually early cyclonic activity in the northwest region of the state (Lindsay et al. 1996 (Lindsay et al. , 1997 . In spring and summer, high numbers of potential vertebrate hosts (western gray kangaroos, Macropus fuliginosus) were observed. It was also the Þrst time the saltmarsh species Oc. vigilax was implicated, in addition to Ochlerotatus camptorhynchus (Thomson), and is thought to be responsible for extending the seasonality of the outbreak. However, anthropogenic factors such as an opening of an estuarine channel and human holiday migration were also cited.
Above all, this study shows that high rainfall over a prolonged duration is a common and important trend preceding outbreaks of Ross River virus disease throughout Australia. Although rainfall patterns varied between locations and were potentially inßuenced by different climatic events, it is evident that temperature along with other factors, such as sea levels and tidal conditions, irrigation and farming practices, river levels and regulations, and local mosquito control programs should be considered concurrently. A more detailed evaluation based on weekly and/or daily data would better elucidate which combination of environmental and anthropogenic factors are responsible for initiating, inhibiting, and/or extending outbreaks. It was beyond the scope of this study to undertake such analysis, given the historical nature, i.e., inexactness, of disease data. However, future research could readily examine this range of potential risk factors given the availability of Ross River virus notiÞcation and environmental data. Gatton et al. (2004) recently developed a standard methodology for identifying Ross River virus outbreaks in Queensland, which could readily be used throughout Australia. This will help to identify key risk factors and allow comparisons within and between populations over time.
